Abstract Pulmonary hypertension is a complex, progressive condition arising from a variety of genetic and pathogenic causes. Patients present with a spectrum of histologic and pathophysiological features, likely reflecting the diversity in underlying pathogenesis. It is widely recognized that structural alterations in the vascular wall contribute to all forms of pulmonary hypertension. Features characteristic of the remodeled vasculature in patients with pulmonary hypertension include increased stiffening of the elastic proximal pulmonary arteries, thickening of the intimal and/or medial layer of muscular arteries, development of vasoocclusive lesions, and the appearance of cells expressing smooth muscle-specific markers in normally non-muscular small diameter vessels, resulting from proliferation and migration of pulmonary arterial smooth muscle cells and cellular transdifferentiation. The development of several animal models of pulmonary hypertension has provided the means to explore the mechanistic underpinnings of pulmonary vascular remodeling, although none of the experimental models currently used entirely replicates the pulmonary arterial hypertension observed in patients. Herein, we provide an overview of the histological abnormalities observed in humans with pulmonary hypertension and in preclinical models and discuss insights gained regarding several key signaling pathways contributing to the remodeling process. In particular, we will focus on the roles of ion homeostasis, endothelin-1, serotonin, bone morphogenetic proteins, Rho kinase, and hypoxia-inducible factor 1 in pulmonary arterial smooth muscle and endothelial cells, highlighting areas of cross-talk between these pathways and potentials for therapeutic targeting.
Introduction
Pulmonary hypertension (PH) is a complex, progressive, and often fatal condition. Although uniformly defined by the hemodynamic criteria of resting pulmonary arterial pressure (P pa )≥25 mmHg, PH can arise from a variety of etiologies, and patients present with a spectrum of severities and symptoms. In 2008, discussions at the 4th World Symposium on Pulmonary Hypertension in Dana Point led to a new classification strategy dividing PH into five major categories: (1) pulmonary arterial hypertension (PAH), including idiopathic, heritable, and drug/toxin-induced PH; (2) PH due to left heart disease; (3) PH due to interstitial lung diseases and/or hypoxia, including high-altitude and chronic obstructive pulmonary disease (COPD); (4) chronic thromboembolic PH; and (5) PH with unclear and/or multifactorial origin, including hematologic and systemic disorders [1, 2] .
While the exact causes of PH remain under investigation, and are likely to vary with the underlying pathogenic or genetic cause, it is widely recognized that the hallmarks of all forms of PH are sustained vasoconstriction and vascular remodeling. Remodeling of pulmonary blood vessels is characterized to varying degrees by thickening of the intimal and/or medial layer of muscular vessels and the appearance of cells expressing smooth muscle-specific markers in pre-capillary arterioles (distal muscularization), resulting from proliferation and migration of pulmonary arterial smooth muscle cells (PASMCs) and possibly cellular transdifferentiation (i.e., endothelialmesenchymal transformation) [3, 4] . Development of vasoocclusive lesions, involving PASMCs, endothelial cells (ECs), and possibly cells of non-vascular origin, occurs in some severe forms of PAH [5, 6] . The greatest influence on pulmonary vascular resistance (PVR) results mainly from changes in small arterioles; however, decreased compliance (i.e., increased stiffness) in the elastic proximal pulmonary arteries may also increase right ventricular afterload [7] [8] [9] .
The relative contributions of reactivity and remodeling to elevated P pa vary (Table 1) . Although remodeling was originally believed to cause inward narrowing of the vascular lumen and "fixed" constriction in all forms of PH, evidence now suggests that in many instances remodeling occurs in an outward fashion without luminal encroachment and that much of the "fixed" component was due to incomplete relaxation [10] [11] [12] . Under these conditions (i.e., in hypoxia-induced PH), remodeling with increased muscularization likely contributes to elevated PVR via hyperreactivity to constricting agents. In contrast, intimal narrowing and vaso-occlusion is a factor in PAH. The focus of this review will be to highlight our evolving understanding of vascular remodeling in PH, with a focus on PASMCs and ECs, discuss mechanisms contributing to the remodeling process, and highlight areas where investigation is needed and therapeutic potential exists.
Evidence of remodeling in humans with pulmonary hypertension
Owing to the difficulty in visualizing and measuring vascular wall changes in patients, most evidence for remodeling comes from postmortem or postoperative tissue specimens. Histological analysis of the pulmonary vasculature from South American children born and raised at altitude revealed muscularization of small arteries situated at the alveolar ducts and sacs, which was not observed in children at sea level [13] . In adults, high-altitude natives of the Peruvian Andes exhibited right ventricular enlargement and increased PVR [14, 15] thought to be due in part to vascular remodeling since administration of oxygen failed to completely reverse the elevated P pa and PVR [14] . This supposition was corroborated by data from postmortem studies demonstrating medial hypertrophy, PASMC hyperplasia, and muscle extension into distal arterioles, with considerable variability noted between individuals [16] [17] [18] [19] . In contrast, the native highaltitude population of Tibet does not have increased smooth muscle [20, 21] . Given that Tibetans have resided at high altitude for longer than any other population, the difference in vascular response may be due to variations in genetic adaptation.
Histological evidence of vascular remodeling is also available from tissues derived from the PH patient population. Tissue from COPD patients obtained postmortem or following lung resection exhibited arteriolar muscularization, increased intimal thickness, and reduced lumen area independent of P pa or responsiveness to oxygen [22] [23] [24] . However, intimal changes were also observed in some non-hypoxemic smokers and in mild COPD patients without PH [25, 26] , leading to questions regarding the contribution of remodeling to PH in this population. In PAH patients, early abnormalities include medial hypertrophy, adventitial thickening, and extension of muscle, with vaso-occlusive lesions developing at later stages [5, 6] .
Evidence of remodeling in animal models of pulmonary hypertension
In order to better understand functional and structural changes in the hypertensive lung and to begin to identify underlying 
Chronic hypoxia as an inciting factor
During the early twentieth century, the recognition of brisket disease in cattle provided one of the first insights into the cardiac problems that develop due to PH [27] . Described as the "dropsy" condition, cattle living in the high mountains (>8,000 ft) of Colorado, especially those shipped from lower altitudes, suffered from edema surrounding the brisket, or lower chest, and enlarged, dilated, and "flabby" hearts [27] . Altitude was identified as the primary cause of heart failure [27], and in the intervening years, the bovine model of hypoxic PH has been used to explore vascular changes occurring with chronic hypoxia (CH). Extensive vascular remodeling was observed, characterized by collagen deposition, thickened adventitia, increased medial thickness, extension of muscle down to precapillary arterioles, and intimal narrowing in small pulmonary arteries [4, 28] , with newborn calves appearing even more susceptible than adult cattle [29] . Rats and mice produce predictable and reproducible features of PH after just a few weeks in a hypoxic environment (typically 10 % O 2 ) and, due to their inbred backgrounds, small size, and the availability of genetically manipulated animals, have become the most common species used in the CH model. In general, rats exhibit substantial increases in P pa and right ventricular mass, accompanied by increased vascular wall thickness, due to PASMC hypertrophy and hyperplasia, and distal muscularization [4, 30] . Initial imaging studies suggested that remodeling reduced luminal diameter and resulted in rarefaction, or vascular pruning [31, 32] . However, these observations may have reflected incomplete release of vasoconstriction or variable perfusion [11, 33, 34] as remodeling in this model appears to occur in an outward manner and is associated with angiogenesis [35] .
Mice also develop PH upon exposure to CH, although PASMC proliferation is minimal [4, 36, 37] . The most consistent finding in mice is muscularization of distal vessels and thickening and functional stiffening of proximal, conduit arteries [4] . Strain-dependent differences in hypoxia-induced PH have been noted in mice; C57BL6 respond moderately, while other strains exhibit little to no response [4] . Variability between species also exists. For example, mice exhibit less remodeling in response to CH than rats and humans, all of which respond less than neonatal calves, even when exposed to more severe hypoxic stimuli [29, 38] . The presence of a complete layer of PASMCs in peripheral arteries of normotensive bovine, which is absent in normotensive humans [39] or rodents, may account for some of these differences. Nonetheless, the phenotype observed in CH models is consistent with PH that develops in humans as a result of high altitude as vaso-occlusive lesions are not observed and return to a normoxic environment reverses hypoxia-induced PH in all animal models.
Chronic hypoxia as a second hit Fawn-hooded rats spontaneously develop PH with age, but exposure to mild CH accelerates the process and induces a severe form of PH not seen in other strains [40, 41] . Extension of muscle into peripheral vessels and medial hypertrophy of proximal arteries was observed, as was reduced vessel filling in imaging studies [41] , but whether this reflected development of vaso-occlusive lesions, which have not been reported, or severe vasoconstriction [11] is unclear. A key difference in Fawn-hooded rats is development of systemic hypertension, which is not typically associated with PAH in humans [4, 40, 41 ].
An even more severe rat model of PH was developed using a single dose of the vascular endothelial growth factor (VEGF) receptor inhibitor, SU5416, followed by exposure to CH. VEGF receptor inhibition initially causes EC apoptosis; subsequent hypoxic exposure may stimulate proliferation of a subset of ECs that are apoptosis-resistant, causing occlusive lesions reminiscent of PAH in humans and PASMC proliferation [42, 43] . Unlike CH alone, PH induced by the combination of SU5416 and hypoxia is irreversible even after return to normoxia. Recently, injections of SU5416 during CH were used to create a murine model exhibiting increased arterial muscularization and collagen deposition in the media and adventitia [44] . These mice also developed vaso-occlusive lesions and ultimately right heart dysfunction. In contrast to the rat model, however, mice required multiple injections of SU5416, and vascular remodeling and PH began to resolve upon return to normoxia [44] . The reason for the difference between the rat and murine models is unknown.
Monocrotaline
First described >40 year ago [45] , PH develops following ingestion of seeds from the plant Crotalaria spectabilis, whereby monocrotaline (MCT) is metabolized in the liver into a toxic substance (monocrotaline pyrrole) that causes inflammation and EC injury [4] . Rats are most commonly used in this model since mice cannot convert MCT to its active form [46] . PH develops within 2-3 weeks, and while occlusive lesions are not observed, muscle content increases in arteries of all sizes [47] . The MCT model is widely used due to ease of inducing severe PH with a single injection, but the lack of vascular occlusions, concurrent pulmonary venous and hepatic dysfunction, and the fact that >30 agents effectively reverse MCT-induced PH [4] Mice overexpressing serotonin transporter Serotonin, or 5-hydroxytryptamine (5-HT), is involved in the development of PAH associated with use of diet medications (aminorex or fenfluramines) which increase 5-HT availability. 5-HT enters PASMCs via a membrane serotonin transporter (SERT), which also mediates efflux of 5-HT [50] . SERT expression is upregulated in PASMCs from PAH patients [50] and increased 5-HT transport into PASMCs enhances, and SERT inhibition prevents, proliferation [51, 52] . In male mice, SERT deficiency protected against CH-induced remodeling, whereas SERT overexpression had no significant effect [50, 53] . In contrast, SERT overexpression induced medial thickening and distal muscularization in normoxic female mice and accentuated the effect of hypoxia [50, 53] , providing the only known mouse model that mimics the disproportionate female predominance seen in human PAH.
Murine models with BMPR2 mutations
The transforming growth factor β (TGF-β) superfamily is composed of >40 structurally similar cytokines, including TGFs and bone morphogenetic proteins (BMPs). BMPs are produced as inactive precursors and cleaved to create a mature ligand that activates cell surface complexes comprised of type I and type II receptors [54] . Receptor activation leads to internal signaling of nuclear transcription factors to upregulate or suppress transcription of target genes [55] . While mutations in the gene encoding one of these receptors, the bone morphogenetic protein receptor type 2 (BMPR2), are found in the majority of heritable PAH cases [56] and ∼25 % of idiopathic PAH patients [57] , why only ∼20 % of individuals with heterozygous BMPR2 mutation develop PAH remains unknown and suggests a second "hit" is required [58] . All known BMPR2 mutations lead to decreased receptor levels or expression of dysfunctional protein [59] . Since normally functioning BMPR2 receptors serve as an internal brake against the TGF-β system, loss of BMPR2 activation favors greater TGF-β signaling and PASMC proliferation [58] .
Transgenic mice with heterozygous BMPR2 mutations exhibit variability in PH morphology, with some developing increased wall thickness compared to wild-type mice [60] . Right ventricular pressure was similar in normoxic mice and mice subjected to CH for 3 week [61, 62], with mild disease presentation when CH was extended to 5 weeks [62], suggesting that the mutation alone may not be sufficient to generate PH. Mice expressing a conditional smooth muscle-specific BMPR2 dominant-negative mutant developed PH with increased medial thickness and muscularization of distal pulmonary arteries, but no intimal lesions [63] . Clearly, these models present complex morphologies and probably lack additional genetic or environmental cofactors present in human PAH.
Mechanisms involved in pulmonary vascular remodeling
While a variety of animal models have been utilized to identify mechanisms responsible for development of PH and test potential treatments, none perfectly captures the pulmonaryspecific characteristics of severe human PAH. Models incorporating multiple insults appear to more closely reflect human PH, although given the multiple classifications no single model can match all forms of the disorder. However, these models have provided valuable insight into the signaling pathways contributing to vascular remodeling ( Fig. 1) , with the majority of work centered on PASMCs and ECs. channel activity modifies PASMC growth; however, the exact mechanism by which reduced K + channel activity and/or depolarization causes remodeling is still debated. Depolarization was initially hypothesized to drive activation of voltage-gated calcium channels (VGCC) and calcium influx, but VGCC inhibitors have little effect on PASMCs from hypoxic animals [73] [74] [75] or the majority of patients with PH [76, 77] . Instead, increased intracellular K + was proposed to promote remodeling by conferring resistance to apoptosis [67] .
Restoration of K + channel activity/expression provides an attractive target for therapeutics aimed at reducing remodeling in PAH. Animal studies using dehydroepiandrosterone, a steroid hormone that, among other actions, opens K + channels, reduced remodeling in CH rats [78] . Similar results were reported in hypoxic and MCT-treated animals receiving dichloroacetate, a metabolic modulator that also increases the expression of K + channels [68, 79] . Whether the beneficial effects of either drug on remodeling were due to actions on K + channels or other targets remains to be determined; however, based on promising preclinical data, the use of dichloroacetate to treat PAH is currently in phase 1 clinical trials in Canada.
Elevations in intracellular Ca
2+ concentration
Increased intracellular calcium concentration ([Ca
] i ) is required for PASMC growth [80, 81] and migration [82] and has been documented in cells from hypoxic [65] and MCT-treated [83] animals and patients with PAH [80, 84] . VGCCs do not appear to contribute to elevated basal PASMC [Ca 2+ ] i in PH [73] [74] [75] , but can be activated by agonists [85, 86] and contribute to stimulated proliferation [87] . Thus, VGCCs may participate in the remodeling process in PH, particularly in the presence of excessive growth factors.
Accumulating data indicate that elevated basal PASMC [Ca 2+ ] i occurs primarily via upregulation of canonical transient receptor potential (TRPC) proteins, which comprise Ca 2+ -permeable nonselective cation channels (NSCCs) [65] .
Unlike VGCCs, NSCCs are not activated by depolarization, but can be modulated by phosphorylation, receptor activation, or store depletion [88] [89] [90] . Increased abundance of TRPC proteins was observed in PASMCs derived from animals subjected to CH [74, 75] and PAH patients [91, 92] . Decreasing the activity of NSCCs, either pharmacologically or by RNA silencing, reduced [Ca 2+ ] i [74, 75] and proliferation [91, 92] in PH PASMCs. Consistent with these findings, a gain-of-function single nucleotide polymorphism in TRPC6 was recently identified in patients with PAH [93] .
Selective inhibitors for NSCCs have not been tested in PH. However, sildenafil, a phosphodiesterase type 5 inhibitor widely used in the treatment of PAH, reduced [Ca 2+ ] i and TRPC expression in PASMCs from chronically hypoxic animals [94] , and also attenuated PASMC proliferation [95, 96] and prevented remodeling in MCT-treated [96] and hypoxic [97] rats. Due to the difficulty in monitoring vascular wall changes in the clinical population, whether sildenafil, alone or in combination with other standard treatments, alters Ca 2+ signaling and/or reverses or slows pulmonary vascular remodeling in PAH patients is unknown.
Once [Ca 2+ ] i rises, several downstream signal transduction pathways and transcription factors are activated that could be involved in PASMC proliferation (reviewed in [98] ). In particular, Ca 2+ activates nuclear factor of activated T cells PASMC migration is also known to be induced by hypoxia [99, 100] and modulated by changes in [Ca 2+ ] i [82, 101] , but even so, the exact mechanisms controlling PASMC migration in PH have yet to be deciphered. During hypoxia, Ca 2+ -dependent increases in the expression of aquaporin 1 (AQP1), a membrane water channel, are required for migration of PASMCs [82] . Increased AQP1 levels may result in localized control of water flux across the cell membrane, possibly allowing for directed cell movement [102] . Alternatively, AQP1 may participate in cytoskeletal rearrangement [103] , which is required for cell migration. In addition to AQP1, recent data also implicate roles for microRNAs [99] and RhoB [100] [10, 35] , is unknown.
The exact mechanism by which NHE1 controls migration and proliferation is unclear, although recent studies have provided tantalizing clues. In PASMCs, loss of NHE1 increased p27, a cyclin-dependent kinase inhibitor, and decreased E2F1, a nuclear transcription factor that controls proliferation [113] , suggesting that NHE1 activation represses a growth inhibitor pathway while stimulating proliferation. In fibroblasts, NHE1 binds to actin filaments through the adaptor protein, ezrin, providing a link between NHE1 and cytoskeletal re-arrangement [116] . Preliminary studies indicate similar NHE1-actin interactions occur in PASMCs [117] .
Selective inhibitors of NHE1 were developed for treatment of myocardial infarction; however, major side effects, including cerebrovascular events [118], coupled with limited beneficial effect led to withdrawal of these drugs from clinical use [119] . Given the wide distribution of NHE1 throughout the body, NHE inhibitors may only be useful in the treatment of PAH if cell-specific targeting could be achieved.
Rho kinase and remodeling
While the Rho kinase (ROCK) signaling pathway plays a central role in mediating vasoconstriction in all PH models [120, 121] , ROCK activation is also implicated in the remodeling process [122, 123] . ROCK activation is necessary for migration and proliferation in a variety of vascular cell types, including PASMCs [123] [124] [125] [126] . RhoA and RhoB, upstream activators of ROCK, mediate cytoskeletal rearrangement in PASMCs and ECs, with RhoB contributing to hypoxia-induced migration and proliferation in both cell types [100] . Convergence with other mechanisms involved in remodeling appears certain as ROCK activation is a consequence of several growth factors, opens Ca 2+ channels [85, 90] , and stimulates the activity of [127] and is activated by [112] NHE1.
Acute intravenous administration of ROCK inhibitors reduced P pa and PVR in PH models and PAH patients [128, 129] ; however, substantial systemic hypotension with intravenous delivery limits their use. Inhaled ROCK inhibitors circumvent negative systemic side effects [130] , and acutely reduced PVR in PAH patients [131] . Chronic treatment with ROCK inhibitors reduced neovascularization and remodeling in PH models [10, 132, 133] suggesting that prolonged use could be effective in slowing and/or reversing remodeling in the patient population. Indeed, both sildenfil and statins can inhibit ROCK [97, 134] , although the extent to which the clinical dosing of these drugs inhibits ROCK activation and influences remodeling in patients is unclear.
BMP signaling BMP binding to complexes containing type I and type II receptors results in signaling through SMAD-dependent andindependent pathways [55] . In general, BMP/type I receptor interactions activate SMAD1/5/8, increasing binding with SMAD4, nuclear translocation and activation of transcriptional responses [54] . SMAD-independent signaling involves MAP kinases (MAPKs), phosphatidylinositol 3-kinase/AKT, and protein kinase C [124] . BMP receptor binding and activity in vivo is also regulated by a variety of endogenous antagonists and binding proteins [54, 55] .
Most work examining the role of BMPs in pulmonary vascular remodeling has focused on the ligands BMP2, −4, and −7 and the receptors, BMPR1 and BMPR2. Early on, BMPs were recognized to exert differential effects on PASMCs depending on the location within the vasculature. For example, BMP2 and BMP4 were antiproliferative in PASMCs from proximal vesssels [135] , but BMP4 increased [Ca 2+ ] i via TRPC upregulation [136] and induced proliferation [137] in PASMCs from distal vessels. The differential roles of BMPs were further highlighted in mice with partial deficiency for BMP2 and BMP4, which were found to be more susceptible to and protected against development of PH, respectively [62, 138, 139] .
In PASMCs from PAH patients, BMPR2 mutations reduce BMP signaling, leading to loss of the antiproliferative effects of BMP2 [59] . BMPR1 and BMPR2 expression is also decreased in non-PAH forms of the disease [140] and in CH models [141] , suggesting dysregulation of BMP signaling may be a common feature of PH. In ECs, loss of BMPR2 results in apoptosis [142] , a likely early event in the pathogenesis of PAH. Moreover, activation of endothelial BMPR2 by BMP2 or BMP4 was linked to nitric oxide production [143] , providing a paracrine effect whereby normal BMP signaling exerts antiproliferative effects on PASMCs. Sildenafil restored BMP signaling in PAH PASMCs [96] , whereas simvastatin increased BMPR2 expression in ECs [144] , suggesting these drugs might rescue BMP function in vivo. Identifying other means of increasing BMPR2 expression/activity during PH remains an area of active investigation.
Endothelin-1
In 1988, a peptide secreted by ECs was sequenced, characterized as a potent vasoconstrictor, and named endothelin [145] . Although three isoforms of endothelin have been identified, endothelin-1 (ET-1) is the most widely expressed, and thus, most studied. In addition to vasoconstriction, ET-1 induces migration and proliferation of vascular cells [146] . In PASMCs, ET-1 binds to two membrane-bound receptors (ET A and ET B ), resulting in a complicated signaling pathway [147] , involving inhibition of K + channel expression and activity, increased [Ca 2+ ] i , and activation of NHE1 and ROCK [127, 147, 148] . PASMCs express both ET A and ET B receptors which mediate contraction, proliferation, and migration, whereas ECs express only ET B receptors which are thought to act as a "sink" for circulating ET-1 and lead to production of NO. However, since the majority of ET-1 is secreted basolaterally, PASMCs are likely to be the main target of ET-1 binding.
Circulating ET-1 levels are increased in all animal models and human forms of PH [146, 147] . ET receptor inhibitors prevented and reversed PH and vascular remodeling in several animal models [149] , positive results that led to introduction of ET receptor inhibitors into clinical practice. ET receptor inhibitors improve exercise capacity and survival [149] , but whether this is due to reduced vasoconstriction or remodeling, or other effects of the drugs, is unclear.
Serotonin
As mentioned earlier in this review, 5-HT uptake can influence PASMC growth and vascular remodeling. 
Hypoxia-inducible factors
The discovery of the heterodimeric oxygen-sensitive transcription factor, hypoxia-inducible factor 1 (HIF-1) [151] provided an attractive new candidate for mediating hypoxiainduced PH. The β subunit of HIF-1 (HIF-1β) is constitutively expressed, whereas the α subunit (HIF-1α) is typically not detectable under normoxic conditions. The mystery of how HIF-1 responded to changes in oxygen was unraveled in 2001, when it was reported that HIF-1α is hydroxylated on two proline residues, using molecular oxygen as a substrate, allowing binding to the von Hippel-Lindau protein, ubiquitination, and targeting for proteasomal degradation (reviewed in [152] and [153] ). As oxygen levels fall, hydroxylation becomes limited and HIF-1α accumulates. HIF-1 transactivation is further regulated by asparagine hydroxylation of HIF-1α. Thus, HIF-1α hydroxylation controls activation of the HIF-1 transcription complex. Subsequent studies identified HIF-2α as an additional binding partner for HIF-1β, resulting in the HIF-2 transcription factor [153] . Unlike HIF-1α, which is found in all cells, HIF-2α exhibits a more restricted expression pattern.
Animal studies revealed a role for HIF-1 in the development of hypoxia-induced PH [154] [155] [156] . Generation of mice homozygous for a null HIF-1α allele resulted in embryonic lethality [157] . In contrast, mice heterozygous for the null allele (Hif1a +/− ) were viable with phenotypically normal appearance under normoxic conditions but exhibited impaired development of PH and reduced remodeling in response to CH [154] . PASMCs from Hif1a +/− mice also exhibited reduced hypoxia-induced proliferation [156] . Similar attenuation in CH-induced remodeling was observed in Hif2a +/− mice [158] . The exact mechanisms by which HIF-1 mediates remodeling during CH are still being investigated (Fig. 2) , but are likely to involve both Ca 2+ and pH homeostasis [155, 156, 159] . HIF also regulates other factors involved in the pathogenesis of PH, including ET-1 and VEGF [153] . Recent studies targeting HIF activity using pharmacologic inhibitors showed reduced CH-induced vascular remodeling in rodents [160] , providing an attractive therapeutic potential for drugs that block or reduce HIF. Fawn-hooded rats also exhibit upregulation of HIF-1, even under normoxic conditions [69] , which is hypothesized to be due to mitochondrial dysfunction. Moreover, accumulation of HIF-1α protein was observed in the lungs of PAH patients. While reduced oxygen is an obvious stimulant for HIF-1α accumulation, whether increased HIF-1α levels in PAH patients reflect local areas of hypoxia remains uncertain. Alternatively, other factors have been shown to induce normoxic accumulation of HIF-1 [152, 153] and may play a role in activating HIF signaling pathways in PAH.
Concluding remarks
PH, regardless of inciting cause, is a complex disorder in humans. Preclinical models have aided in understanding the remodeling that occurs, identifying cellular mechanisms involved, and investigating potential therapies. While progress has been made, none of the preclinical models fully recapitulates the human disorder, and much is yet to be learned regarding the mechanisms controlling PASMC and EC proliferation, migration, hypertrophy, and apoptosis. Since none of the currently available treatments for PAH are curative and are often accompanied by negative side effects or inconvenient routes of administration, the search for novel therapeutic targets is imperative. While several promising potential therapies have emerged from the study of animal models, including dichloroacetate, as well as ROCK, NFAT, and HIF inhibitors, clinical trials will need to be performed to assess the extent of their benefit in the patient population. Further investigation is clearly warranted to identify additional mechanisms involved in the pathogenesis of vascular remodeling and develop new pharmacological agents aimed at targeting and reversing the remodeling process. Fig. 2 Hypoxia-inducible factor 1 (HIF-1) and pulmonary arterial smooth muscle responses during pulmonary hypertension. Exposure to hypoxia or growth factors activates HIF-1, leading to upregulation of endothelin-1 (ET-1), canonical transient receptor potential (TRPC) proteins, and Na + /H + exchanger isoform 1 (NHE1). Elevated ET-1 levels reduce K + channel expression and activity, allowing intracellular accumulation of K + and repression of apoptosis. Upregulation of TRPCs, which form Ca 2+ -permeable non-selective cation channels, increases intracellular calcium, facilitating contraction, proliferation, and migration. Induction of NHE1 results in an alkaline shift in intracellular pH and enhanced tethering of the actin cytoskeleton to the membrane via NHE1/ezrin interactions, which promote cell shape changes required for proliferation and migration 
